One key technology to eliminate organic micropollutants (OMP) from wastewater effluent is adsorption using powdered activated carbon (PAC). To avoid a discharge of highly loaded PAC particles into natural water bodies a separation stage has to be implemented. Commonly large settling tanks and flocculation filters with the application of coagulants and flocculation aids are used. In this study, a multi-hydrocyclone classifier with a downstream cloth filter has been investigated on a pilot plant as a space-saving alternative with no need for a dosing of chemical additives. To improve the separation, a coarser ground PAC type was compared to a standard PAC type with regard to elimination results of OMP as well as separation performance. With a PAC dosing rate of 20 mg/l an average of 64.7 wt% of the standard PAC and 79.5 wt% of the coarse-ground PAC could be separated in the hydrocyclone classifier. A total average separation efficiency of 93-97 wt% could be reached with a combination of both hydrocyclone classifier and cloth filter. Nonetheless, the OMP elimination of the coarse-ground PAC was not sufficient enough to compete with the standard PAC. Further research and development is necessary to find applicable coarse-grained PAC types with adequate OMP elimination capabilities.
INTRODUCTION
Many micropollutants such as pharmaceuticals, hormones, radio contrast agents, flame retardants and pesticides can cause undesired effects on natural organisms and cannot completely be removed in activated sludge wastewater treatment plants (WWTPs) (Gerbersdorf et al. ) . WWTPs are proven to be one of the main point-sources for micropollutants entering into natural water bodies, which makes it necessary to establish additional treatment technologies (Joss et al. ) . One of the most efficient and approved technologies is the adsorption by powdered activated carbon (PAC). PAC can achieve specific adsorptive surface areas in a high range of 500-1,500 m 2 /g (Çeçen & Aktaş) . Generally, PAC is mixed into the WWTP effluent for an average hydraulic retention time of 15-30 minutes and has to be separated accordingly, most commonly in large settling tanks and flocculation filters with the dosing of coagulants (Metzger ; Margot et al. ) . The so-called adsorptionflocculation-sedimentation-filtration process was first introduced in the 1990s in Albstadt, Germany, primarily for the purpose of dye removal from textile industry wastewater and later adapted for organic micropollutants (OMP) (Menzel ) . Main disadvantages of this method are the large required floor space and the high investment cost as well as the operational costs. Hydrocyclone classifiers instead, as an alternative separation technique, come with several advantages such as modularity, little space requirements, low investment costs and substitution of chemical additives (Svarovski ) . Previous experiments in a small scale showed good results (Platz ) . Based on that, a multi-hydrocyclone classifier has been scaled up to a semitechnical pilot plant at the Baden-Baden WWTP, Germany, where it was tested with conventional standard PAC as well as a coarse-ground PAC type. The aim was to increase the separation efficiency owing to greater particle sizes. Additionally, a cloth filter was operated downstream to hold back the fine fraction and thus to ensure the lowest possible discharge of suspended solids into receiving waters. Simultaneously, the elimination performance with regard to the adsorption of micropollutants has been monitored and compared between the two PAC types. To improve the elimination results, separated PAC has been recycled back into the adsorption reactor for higher loadings.
METHODS Setup
A suspension of PAC was manually prepared in a dosing tank and then mixed into the treated wastewater of the effluent from the Baden-Baden WWTP, Germany. The outflow of the adsorption reactor, where the adsorption of OMP and other substances took place, was then pumped into the multi-hydrocyclone classifier. There, the stream was split up into a clear water phase (upper outflow) and a concentrated phase (underflow) with high concentrations of PAC. The concentrate was then recycled into the adsorption reactor for higher loadings or disposed of, whereas the clear water was treated downstream again in a cloth filter. Flushing water from occasional backwashing was pumped back to the influent of the WWTP. A scheme of the setup is displayed in Figure 1 .
Dosing tank and adsorption reactor
Dry PAC was added into a 2 m 3 dosing tank with fresh water.
A submerged centrifugal pump keeps the water moving for a sufficient mixing of the suspension. The PAC suspension with a concentration of approximately 15 g/l was then dosed continuously into the inflow of an adsorption reactor with the volume of 8 m 3
, where concentrations were adjusted to 10 mg/l and 20 mg/l, respectively. The adsorption reactor was equipped with two stirrers for optimum adsorption conditions.
Hydrocyclone classifier
Hydrocyclones use centrifugal forces in a turbulent flow to screen particles from a medium with a specific lower density. As illustrated in Figure 2 the inflow is directed by the occurring radial velocity to move downwards within the outer primary vortex. When the underflow-to-inflow relation is less than 100% a part of the medium is forced to move upwards through the inner secondary vortex. A separation tube is necessary to avoid short-circuiting. For this purpose a multi-hydrocyclone classifier was designed with 16 parallel connected hydrocyclones having diameters of 1 inch each. The construction material of the hydrocyclones was polyurethane, with every hydrocyclone being bedded in an individual pressure vessel made of stainless steel. Selection of size and material was based on experience gained in previous laboratory scale studies at the University of Stuttgart (Platz et al. ) . The inflow was fed by a centrifugal pump with a variable frequency drive and then divided up into 16 single streams. The feed flow could be displayed via a magnetic flow meter and regulated with valves. The upper outflows were collected and fed into the cloth filter, whereas the collected underflows with high PAC concentrations were disposed of into the inlet of the WWTP or back into the adsorption reactor, depending on the operational mode. For the experiments, the multi-hydrocyclone classifier was run with a pressure difference of 2.2 bar, which allowed a stable flow rate of 10.8 m 3 /h. The underflow relation was regulated to 15% or 1.6 m 3 /h; thus the upper outflow had a flow rate of 9.2 m 3 /h. A 3D drawing of the test plant is shown in Figure 3 . 
Analysis

Separation efficiency
Due to a lack of methods the PAC contents could not be measured directly. Instead the concentrations in the feed and in the outflows were measured in the form of total suspended solids (TSS) to determine the degree of separation (η TSS) . The treated effluent of the WWTP has had an average of 3 mg/l suspended solids, which was included in the measurements. For analysis of TSS the samples were filtered through membrane filter papers of known weight with a pore size of 0.45 μm. The filters were dried at 105 W C and cooled down in a desiccator before weighing again. The weight difference in relation to the sample volume indicates the concentration of suspended solids. Every measurement was performed three times for statistical reasons and then averaged. As a result of the atmospheric pressure condition, the upper outflow could not be measured by an induced magnetic flow meter and had to be obtained by mass balancing of the inflow and the underflow. Thus for a statistical compensation the separation efficiency was additionally averaged using the following formulas:
Particle characterization
The particle size distribution was measured by laser diffraction with the Mastersizer 3000 device (Malvern Instruments). During the measurements the samples were stirred continuously and ultrasound was applied for 2 minutes to loosen particle aggregation.
OMP analysis
Selected OMP, such as sulfamethoxazole, benzotriazole or metoprolol, were analysed with the standard method, where a certain amount of isotopic labelled reference substances is added to the samples. OMP and reference substances are then adsorbed via solid-phase extraction (SPE). The dried SPE cartridges are treated in a solution of water and methanol, from where the substances can be separated and detected via high-performance liquid chromatography and tandem mass spectrometry. For other selected OMP, such as carbamazepine, ibuprofen or diclofenac, the samples have to be divided up into two halves, where one part is to be enriched with acid since some substances could precipitate as salts in neutral pH conditions. To both the enriched and the non-enriched part, solutions with reference substances were added before mixing with dichloromethane, since nonpolar OMP have greater affinity to dichloromethane than to water. The dichloromethane phase was then separated and evaporated until a highly concentrated rest liquid is left over, which can be analysed via gas chromatography with mass spectrometry. In this study, filtered and unfiltered samples were analysed for selected OMP. Samples filtered through 0.45 μm membrane filters are up to now more common for OMP analysis. However, particulate bound OMP are not considered that way. Thus, in this study also unfiltered samples were analysed, where the adsorbed substances have to be desorbed into dichloromethane in advance.
RESULTS AND DISCUSSION
Analysis showed that the occurrence of selected OMP in the samples during this study fits in the range of Luo et al., who reported average OMP concentrations in WWTP influents and effluents from different references (Luo et al. ) . In Figures 5 and 6 concentrations of different OMP from filtered and unfiltered samples are displayed for the effluent of the WWTP, for the upper outflow of the hydrocyclone classifier as well as for the effluent of the pile cloth filter in the pilot plant. Both figures show the case with a dosing of 10 mg/l unloaded PAC and recirculation of loaded PAC back into the adsorption reactor. Whereas most of the selected OMP occurred in sufficient concentrations, ibuprofen was found only marginally in tiny concentrations close to the detection limit. An overview of the elimination rates for all measured OMP for different operation modes with 10 mg/l and 20 mg/l PAC and recirculation into the adsorption reactor or disposal, respectively, is given below in Figure 7 . Very good elimination rates of up to 79% were achieved with the PAC-type Carbopal AP, which could confirm the results from the preliminary laboratory scale tests. With a higher dosing rate of 20 mg/l, the OMP elimination rates increased by 20-50% on average. Recirculation of Carbopal AP had more or less the same effect on OMP elimination as a pure dosing rate of 20 mg/l. However, against all expectations the elimination rate of ibuprofen decreased with higher PAC concentrations, which might have been the consequence of differing sampling or of the dilution effect through rainfall (http://www.wetterkontor. de/de/wetter/deutschland/rueckblick.asp?id=Q411&datum= 09.12.2014&t=4 (accessed 17 December 2015)) influencing the OMP elimination behaviour of the WWTP. The coarsegrained PAC-type Alcarbon on the other hand showed poor elimination rates for all of the selected OMP. The increase of the hydraulic retention time through PAC-recirculation almost doubled the elimination rates for Alcarbon. Nevertheless, the total performance still keeps far below the values of Carbopal AP. For the separation experiments a series of measurements were taken each for different settings. Due to the low OMP elimination rates of Alcarbon, experiments with a dosing of 10 mg/l Alcarbon were not performed without recirculation. Averaged results for the degree of separation can be obtained from Table 1 . The obtained average separation efficiency reached 60.2 wt% and 64.7 wt%, respectively, with Carbopal AP. In preliminary laboratory scale tests with single hydrocyclones, separation efficiencies of 69 wt% have been reached with the same PAC type; however, the concentrations in the preliminary experiments were at 50 mg/l PAC (Platz et al. ) . Recirculation of PAC back into the adsorption reactor led to inflow concentrations of 50-60 mg/l at stable operating conditions. Thereby the degree of separation improved by 18.7%.
Alcarbon, which already has a smaller fraction of fine particles, could be separated in the hydrocyclone by 79.5 wt%. Recirculation only enhanced the degree of separation to 81.8 wt%. One possible explanation for that might be that the submerged pump crushed the recycled particles. Thus, based on these results, the PAC from the dosing tank was characterized during agitation with the submerged pump after 4 hours and after 28 hours. It was confirmed that pumping broke up the PAC particles to smaller pieces up to a certain particle size, after which no particle crushing was observed anymore. The particle size distributions from samples of the dosing tank can be seen in Figure 8 .
The average inflow concentration of PAC from the hydrocyclone classifier into the cloth filter was about 9.1 mg/l, whereas the outflow concentrations of the cloth filter were at approximately 1.6 mg/l. In total this means an average filtration residue of more than 82 wt%. Even inflow concentrations higher than 20 mg/l could be reduced to less than 2 mg/l in the outflow. Automatic back flushes were initiated approximately every 2 hours. The total separation degree of the hydrocyclone classifier combined with the cloth filter was between 93.2 and 94.7 wt% without recirculation. With recirculation of PAC 95.2 wt% and 96.9 wt%, respectively, could be achieved.
From particle size distributions, the grade efficiency can be obtained, which defines the ratio of a certain particle size which is discharged through the underflow of the hydrocyclone. The mean cut size x 50 , where particles can be found half-and-half in the upper outflow and in the underflow, can be derived from the grade efficiency curves. The reduced mean cut size x 0 50 also accounts for the ratio of underflow to inflow. The mean cut sizes for the different PAC types with and without recirculation are shown in Table 2 . As both PAC types have similar wet densities (1.3-1.4 g/cm 3 ), a tendency is noticeable that the reduced separation size is between 14 and 18 μm, which is significantly higher than the values of 9-10 μm from previous laboratory scale studies (Platz ) .
The graph in Figure 9 abstracts real measurements of reduced grade efficiency curves, which show exceptional behaviour compared to the literature, e.g. that a value of 0 was never reached (Svarovski ) . These irregularities could probably be explained by the applied sampling and analysis method. Nevertheless, average values can be read out and roughly compared. However, the phenomenon of increased grade efficiencies for the smallest particles, the so-called fish-hook effect, is visible in the curves. Fish-hook effects have already been described and discussed by numerous authors, for instance Nageswararao (), Finch () or Bourgeois & Majumder () . Until now the effect is not fully understood and explained.
CONCLUSIONS
The PAC-type Carbopal AP performs well relating to the adsorption of OMP. Yet the particle size distribution with a great fraction of fine particles prevents a sufficient separation of PAC in a hydrocyclone classifier. The degree of separation could be enhanced by 20% with the use of the coarser ground PAC-type Alcarbon. With regard to the OMP removal, however, the performance of Alcarbon was quite poor and not adequate enough for the treatment of wastewater. Recirculation and additional loading of PAC in the adsorption reactor accumulated coarser particles in the system and thus increased the degree of separation significantly for Carbopal AP, but only slightly for Alcarbon.
In the case of this study it is assumed to be caused by particle crushing through a submerged centrifugal pump. This effect could probably be reduced by using mechanical stirrers instead. The combination of a hydrocyclone classifier with a fabric pile cloth filter reached an average total separation efficiency of 93-97 wt%, depending on the operation conditions. Hereby the PAC concentration in the effluent was at 1.6 mg/l on average and never exceeded 2.0 mg/l. Since the used PAC types were made of different raw materials (fossil coal and pure coconut shell, respectively), this might be a reason for the performance difference with regard to the OMP removal. It is assumed that the raw material will have an influence on the amount of pores and their sizes and structure.
Summarizing it can be said that hydrocyclone classifiers are not able to separate PAC sufficiently enough to meet existing limiting values of suspended solids in the effluent. However, in combination with an additional pile cloth filter the total degree of separation could reach an adequate value for the detention of PAC particles. Low investment costs, waiving of chemical additives and easy recovery of loaded PAC for reuse as well as little floor space requirements make this combination of technologies suitable as an alternative to so far established separation techniques. One way to raise the potential application of hydrocyclone classifiers could be the challenge for PAC manufacturers to produce affordable coarse-grained PAC made of sustainable material with high BET surface and enough macropores for increased OMP elimination rates.
